Since then it has been shown that a GNP can act as a nanoantenna to enhance the fluorescence of a single molecule (SM) in its near field [11, 12, 13, 14] . The simplicity of this experimental arrangement has made it possible to compare the experimental findings with theoretical predictions.
As the GNP becomes smaller, the region to which its near-field intensity is confined shrinks, suggesting the possibility of achieving higher spatial resolutions. However, to benefit from this strong confinement, the molecule-GNP separation also has to be made smaller and this might in turn cause fluorescence quenching [11, 13, 15] . Viewed from a different perspective, smaller GNP antennas are expected to become less effective because the ratio of the scattering and absorption cross sections decreases with decreasing GNP diameter [16] . In this Letter, we examine the intricate interplay between excitation enhancement, quenching, and resolution as a function of the GNP diameter.
Our samples consisted of terrylene molecules embedded in ultrathin crystalline films of p-terphenyl (pT) spin coated on carefully-cleaned glass cover slides [12, 13, 15, 17] . In these films, terrylene molecules are aligned with their transition dipole moments at about 15
• to the normal to the plane of the sample. We excited the molecules by light from a solid-state laser at a wavelength of λ = 532 nm through a high numerical aperture microscope objective (N.A.= 1.4). As shown in Figure 1 , the excitation laser beam was p-polarized to generate a strong z-component upon total internal reflection at the pT-air interface. Fluorescence from individual molecules, which was peaked at λ = 580 nm, was collected with the same objective and directed either to a sensitive charge-coupled device (CCD) or to a single photon counting avalanche photodiode (APD). The fluorescence signal of a single molecule was then monitored while a GNP was laterally raster scanned across it at a constant gap g from the pT-air interface. The details of tip preparation, tip-sample distance stabilization, as well as excitation and detection schemes can be found in Refs. [10, 12, 13, 15] . we have labeled the lowest and highest values of W for the data set of each particle size by the upward and downward pointing triangles. As expected, in most cases a low W is correlated with a high Φ and vice versa. To examine the origin of the substantial spread in our findings, we now present the results of finite-difference time-domain (FDTD) calculations with convolutional perfectly matched layer absorbing boundary condition [18] . To minimize the computation time, we used the body of revolution FDTD method (bor-FDTD) whenever applicable [20] . In particular, we made the approximation that the molecular dipole moments are perpendicular to the pT film to benefit from the bor-FDTD calculations. The great advantage of this numerical approach over a simple analytical model [12, 19] is that it allows us to take into account the tip shaft, pT thin film, underlying glass substrate, as well as the evanescent excitation.
In the weak excitation regime, Φ is the product of the enhancement in the excitation intensity, modification of the quantum efficiency (QE), and change in the collection efficiency due to the presence of the GNP [12] . To find the first factor, we propagated a radially polarized Gaussian beam incident at an angle of 45 degrees in the bor-FDTD calculations to mimic a p-polarized illumination used in the experiment (see Figure 1) . We then calculated the electric field intensity at different locations inside the pT film in the presence and absence of the antenna probe. and determined the ratio of the former to the latter. The red and blue curves in Figure 3b show the calculated radiative and nonradiative decay rates normalized to the spontaneous emission rate of the molecule in the absence of the nanoantenna. The collection efficiency was calculated as the ratio of the radiated power into the substrate within a cone angle of 135 degrees to the total radiated power.
The solid curves in Figure 3c summarize the results of computations for Φ, indicating that the spread in Φ can stem from small variations of the distance d between the molecule and the pT-air interface (see Figure 1) . However, since the tip-sample distance in SNOM is not stabilized to an absolute value [21] , it is also possible that the fluctuations are caused by small changes in g. An extended study of the various parameters such as d, g, and the refractive indices of the film and the substrate go beyond the scope of this paper and will be discussed in a forthcoming publication [22] .
A sensitive dependence of Φ on the molecule-GNP separation is also expected from an analytical model of a molecule close to a GNP embedded in a homogeneous medium [12, 19] .
However, the outcome of such a simple analysis, shown by the blue dashed curve in Figure 3c for a molecule-GNP separation of 8 nm (equivalent to g + d), does not explain the observed fluorescence enhancements as large as 30 times [23] . As we had anticipated in our previous work [12] , a quantitative understanding of Φ can only be obtained if one takes into account the sample-air interface. One of the effects of the interface is to lengthen the radiative lifetime of the excited state for a molecule with a dipole oriented normal to the interface [24] . For terrylene, which embeds in pT films at an angle of about 15
• , this amounts to 4-5 fold reduction of spontaneous emission rate compared to its bulk value. Thus, the quantum efficiency of these molecules is reduced from about 95% to 79% [25] . Calculations reveal that the onset of quenching is delayed by the interface so that for an axially-oriented molecule placed at d = 2 nm, g = 2 nm, the quantum efficiency is as high as 30% as compared to 15%
for a GNP-molecule separation of 4 nm in a homogeneous environment with a refractive index of 1.35 [22] . Furthermore, the presence of the interface assists the antenna-induced enhancement of the excitation intensity and therefore Φ.
The data in Figure 3c show that fluorescence enhancement reaches an optimum for GNP With our current samples, it was not possible to ensure GNP-molecule distances of only a few nanometers in a routine fashion. A theoretical scrutiny of this regime is also beyond our current work because of numerical difficulties as well as uncertainties in the knowledge of the dielectric functions of very small gold nanoparticles [16, 26] . Furthermore, we point out that in cases where quenching becomes important, it is a nontrivial task to determine W because lateral cross sections could first show enhancement and then quenching, leading to complex line shapes [11, 13] . Indeed, in the Φ < 1 regime, quenching has to be used as a contrast mechanism for microscopy [27] . Finally, we point out that antenna-based microscopy is most efficient for imaging axial dipole moments as studied in this work, and that the competition between enhancement and quenching is very different for emitters with a transition dipole moment parallel to the substrate [15] .
The ultimate task of any imaging technique is to describe unknown samples. It is, thus, important to examine the ability of antenna-based microscopy for resolving close-lying fluorophores in a dense surrounding. Let us consider the fluorescence signal of a single emitter suppression method [28, 29] although such techniques improve the SNR further.
In conclusion, we have shown that single gold nanoparticles serve as versatile and welldefined optical nanoantennas for high-resolution near-field fluorescence microscopy. By varying the particle size, we investigated the performance of this technique with respect to the overall attainable fluorescence enhancement and spatial resolution; we expect our findings to provide also a general trend for other optical nanoanntennas [30] . The reported experimental and theoretical data are in very good agreement and emphasize the near-field sensitivity of antenna-based microscopy to the exact position of the fluorophore. Furthermore, rigorous numerical calculations have shown that the dielectric-air interface imposed by the sample is responsible for providing particularly high excitation enhancements and low quenching as compared to a molecule-antenna assembly embedded in a homogeneous medium. Our analysis shows that single emitters can be detected at a resolution beyond 20 nm even in dense ensembles. By using ellipsoidal nanoparticles [20] , it might be possible to push the resolution in fluorescence microscopy to the molecular scale.
